Acid mine drainage (AMD) is characterized as having low pH and high concentrations of sulfate and dissolved metals. This study compared treated water quality and sludge properties of three process technologies for AMD: conventional sedimentation, high density sludge (HDS), and ballasted flocculation. All three processes were found to be capable of removing regulated metals to concentrations below current Canadian discharge guidelines. However, ballasted flocculation was the only technology found to be able to meet the more stringent federal guidelines proposed for future implementation under the Fisheries' Act's Metal Mining Effluent Regulations. Specifically, arsenic and zinc concentrations in AMD treated by the conventional and HDS processes were above proposed future guidelines of 0.10 and 0.25 mg/L, respectively, while lead, copper, and nickel all met respective guidelines. Concentrations of all regulated contaminants were below proposed guidelines when treated by ballasted flocculation. The HDS process was found to produce a significantly more concentrated sludge than conventional sedimentation (i.e., higher solids content (19 ± 1% versus 7 ± 4% wet solids) and lower sludge volume index (SVI; 8.4 ± 0.8 versus 230 ± 20 mL/g)).
INTRODUCTION
Acid mine drainage (AMD) is generated when sulfidic ores are exposed to oxygen and water during mining operations and is generally characterized as having low pH and high concentrations of sulfate and dissolved metals. This effluent must be treated prior to discharge in order to protect the receiving environment (Kuyucak ) . In Canada, discharges from metal mines are regulated under the AMD is most commonly treated using the active lime treatment process. In that process, the pH of the water is raised using lime which allows dissolved metals to be precipitated as hydroxides and removed from the water phase through sedimentation in a clarifier. The most common modification to this conventional treatment process is the high density sludge (HDS) process. The HDS process is identical to active lime treatment with the exception that sludge from the clarifier is recycled at a ratio of between 10 and 30 to 1 (i.e., 10-30 kg of sludge recycled for each kilogram of sludge generated) and mixed with the lime slurry prior to addition to mine water (Kostenbader & Haines ; Bosman ; Aubé & Zinck ) . This increases the density of the sludge in the clarifier from less than 5% solids typically found with conventional sedimentation to greater than 20% solids (Kuyucak ; Aubé & Zinck ) . Ballasted flocculation is a high-rate clarification process that incorporates a ballasting agent (e.g., microsand) into the precipitated sludge, making it denser and thus increasing sedimentation rates to reduce the required clari- 
EXPERIMENTAL Mine water
The mine water used in this study was sampled from a lead/ zinc mine in Atlantic Canada that is characterized as having high concentrations of dissolved metals, mainly zinc and iron, and an acidic pH. The mine water characterization from analysis performed on AMD samples collected for this study is presented in Table 1 along with the current applicable MMER discharge guidelines and proposed future discharge guidelines. Arsenic, copper, and zinc were all found to be above current and proposed MMER discharge guidelines in the mine water samples collected for this study. As evidenced by high dissolved oxygen and low ferrous iron concentrations, the mine water samples were highly oxidized prior to testing and therefore an oxidation step was not included in bench-scale testing.
Bench-scale methods
All treatment processes were simulated at bench-scale using a standard jar test apparatus (Phipps and Bird, Fisher Scientific) with 500 mL batch tests run using glass beakers. This concentration of Ca(OH) 2 was used to achieve a target pH of between 9 and 10, the minimum solubility range of zinc and the pH used at the full-scale treatment plant where the mine water sample was obtained ( Figure 2 compares the final total concentrations of key elements in effluent from the three treatment processes to the applicable proposed MMER guidelines. All three treatment processes were able to reduce regulated metals concentrations to below current MMER discharge standards. However, only ballasted flocculation was able to were negligible in all samples. However, there are higher concentrations of solids in the sludge and therefore during treatment with the HDS process due to the recycling of sludge, and it is possible that increased compression effects were a factor in sludge densification in the present study.
METALS
The mechanisms behind sludge densification in the HDS process will be further studied in future work.
CONCLUSIONS
In this study it was found that final pH, E h , and conductivity values did not differ significantly between conventional, ballasted flocculation, and HDS treatment processes. Turbidity was less than 2.0 NTU in the clarified water samples from all processes evaluated in this study and therefore were estimated to be below discharge guidelines (i.e., <15 mg TSS/L) based on the relation between total suspended solids and turbidity. Turbidity was lowest in samples treated using ballasted flocculation (0.26 ± 0.02 NTU) and highest in those treated with conventional sedimentation (1.5 ± 0.2 NTU), with HDS-treated samples in between (0.8 ± 0.2 NTU).
All treatment processes were able to reduce regulated metals to below current MMER discharge guidelines.
Lead, copper, and nickel were also removed to below proposed future discharge guidelines in all processes.
Ballasted flocculation was the only treatment process able to reduce total arsenic and zinc to below proposed future MMER guidelines (0.10 and 0.25 mg/L, respectively).
The HDS process resulted in significantly lower sludge volume than the conventional sedimentation process (33 ± 5 versus 180 ± 20 mL per L of mine water treated). Ballasted flocculation sludge volume was 90 mL/L. The sludge from the HDS process also had a higher solids concentration (19 ± 1% versus 7 ± 4% wet solids), and a lower SVI (8.4 ± 0.8 versus 230 ± 20 mL/g) than that from the conventional sedimentation process, indicating that a higher density sludge was achieved.
